Choline acetyltransferase (ChAT) synthesizes acetylcholine in neurons and other cell types. Decreases in ChAT activity are associated with a number of disease states, and mutations in ChAT cause congenital neuromuscular disorders. The crystal structure of ChAT reported here shows the enzyme divided into two domains with the active site in a solvent accessible tunnel at the domain interface. A low-resolution view of the complex with one substrate, coenzyme A, defines its binding site and suggests an additional interaction not found in the related carnitine acetyltransferase. Also, the preference for choline over carnitine as an acetyl acceptor is seen to result from both electrostatic and steric blocks to carnitine binding at the active site. While half of the mutations that cause motor disorders are positioned to affect enzyme activity directly, the remaining changes are surprisingly distant from the active site and must exert indirect effects. The structure indicates how ChAT is regulated by phosphorylation and reveals an unusual pattern of basic surface patches that may mediate membrane association or macromolecular interactions.
Introduction
In 1943, Nachmansohn and Machado (1943) identified the enzymatic activity responsible for the synthesis of acetylcholine, the first neurotransmitter described in the literature (Loewi, 1921) . This finding initiated decades of research into the biochemistry and molecular biology of choline acetyltransferase (ChAT; EC 2.3.1.6), which catalyzes the reversible transfer of an acetyl group between acetylcoenzyme A (AcCoA) and choline. Cholinergic neurons are distributed widely throughout the central and peripheral nervous systems where they are involved in motor function, the autonomic nervous system, and various integrative brain functions such as learning and memory (Karczmar, 1993) . Acetylcholine produced by ChAT is also present in nonnervous tissues (Kawasima and Fujii, 2003; Wessler et al, 2003) , and it is increasingly recognized as an important regulatory molecule in many basic cellular functions, underscoring the importance of the cholinergic system and acetylcholine synthesis.
ChAT belongs to the choline/carnitine acyltransferase family, which also includes carnitine acetyltransferase (CrAT), carnitine octanoyltransferase, and carnitine palmitoyltransferase, enzymes involved in fatty acid metabolism and maintenance of acyl-CoA pools (Ramsay et al, 2001 ). The reaction catalyzed by ChAT largely follows ordered sequential kinetics with AcCoA as the leading substrate (Hersh, 1982) , and an active site histidine is proposed to function as a general base, enhancing the nucleophilicity of the choline hydroxyl for attack on the thioester bond in the forward reaction (Roskoski, 1974; Carbini and Hersh, 1993) . Release of CoA is thought to be the rate-limiting kinetic step (Hersh et al, 1978a) , and conditions that increase K m AcCoA/CoA can therefore enhance activity in vitro. Substrate concentrations in axon terminals where acetylcholine synthesis takes place are probably limiting, however, and reductions in substrate affinity may decrease the rate of acetylcholine synthesis in vivo (Tucek, 1990) . The single ChAT gene produces multiple transcripts that primarily encode one form of the enzyme with an apparent molecular mass of B68 kDa as judged by gel electrophoresis (Oda, 1999) . In primates, an alternative splice variant may also be translated to produce an 82 kDa form with an 118-amino-acid N-terminal extension (Kong et al, 1989; Oda et al, 1995) . ChAT is synthesized in the parakaryon and is transported by both the fast and slow axonal transport systems to the axon terminals (Oda, 1999) . In cholinergic nerve terminals, ChAT is present primarily in a soluble form, but a significant pool is membrane associated (Martinez-Murillo et al, 1989; Carroll, 1994; Gabrielle et al, 2003) . The nature of the membrane association and significance of this enzyme pool are unknown. The larger form of ChAT has been shown to localize to the nucleus when expressed in cultured cells, and both forms of the enzyme bear nuclear localization sequences (Resendes et al, 1999; Gill et al, 2003) . Again, the significance of these observations has yet to be determined.
Diminished ChAT activity signals damage to cholinergic neurons in a number of neurodegenerative disorders, including Alzheimer's disease, Huntington's disease, and amyotrophic lateral sclerosis (Oda, 1999) . Schizophrenia, Rett syndrome, and sudden infant death syndrome also correlate with decreased ChAT activity (Oda, 1999; Dunn and MacLeod, 2001) . Recent work has shown that recessive mutations in ChAT cause a motor disorder known as congenital myasthenic syndrome associated with episodic apnea (CMS-EA) (Ohno et al, 2001; Kraner et al, 2003; Maselli et al, 2003; Schmidt et al, 2003) , which results in severe muscular weakness and respiratory insufficiency. Characterization of heterologously expressed mutant forms of ChAT showed that the mutations decrease the catalytic efficiency of the enzyme (Ohno et al, 2001) . In particular, the most common effect is an increase in K m AcCoA of up to 30-fold over wild type, which would likely cause a decrease in acetylcholine synthesis in nerve terminals.
Here we report the crystal structure of rat ChAT along with a low-resolution view of the complex with coenzyme A. The three-dimensional model reveals the architecture of the enzyme and provides insights into substrate binding, catalysis, and regulation. In addition, the known disease-causing mutations are seen to be widely distributed over the enzyme, with many of the residue positions far from the active site despite their effect on substrate binding and catalysis. Recently, the crystal structures of CrAT alone (Jogl and Tong, 2003; Wu et al, 2003) and in complex with CoA or carnitine (Jogl and Tong, 2003) were reported, and a comparison with ChAT shows similar CoA binding with the possibility of an additional protein contact and a mechanism for the ability of ChAT to discriminate between choline and carnitine.
Results and discussion
Overview of the structure The crystal structure of recombinant rat ChAT (rChAT) was determined at 2.5 Å resolution (Table I ) by molecular replacement using the structure of CrAT (PDB accession number 1NDB) (Jogl and Tong, 2003) . The model consists of residues 18-617 of the full-length, 645-residue enzyme used for crystallization (Figure 1 ). ChAT contains a total of 22 a helices and 18 b strands, which can be divided into two structural domains: residues 102-401 make up the N domain following the nomenclature established for CrAT (Jogl and Tong, 2003) , and residues 18-101 and 402-617 form the C domain. Both domains have a þ b folds and share a common core structure of six b strands (strands 1,10,9,8,6,7 in the N domain corresponding to strands 12, 18, 17, 15, 13, 14 in the C domain) and three helices (helices 6,8,13 in the N domain corresponding to helices 16,18,22 in the C domain) that lie on one side of the sheet. In the N domain, additional helices cover the other face of the central sheet, but the corresponding face of the C domain sheet forms a large part of the interface between the two domains. The central sheets have the same topology, but b11 adds to one side of the N domain central sheet and b16 from the C domain adds to the other side for a total of eight strands. Both domains are structurally similar to the monomers of the trimeric acetyl transferases chloramphenicol acetyltransferase (Leslie et al, 1988) and dihydrolipoyl transacetylase (Mattevi et al, 1992) as noted for CrAT (Jogl and Tong, 2003) .
The short b11 strand that forms one end of the N domain sheet follows a long open coil region (residues 353-372) and precedes a short open coil segment (residues 376-379). These three elements form an extended chain that wraps around the outside of the N domain, connecting a13, which extends out of the domain interface, and a14, the helix that leads into the C domain. The first extended coil segment of this element is known to be a site of proteolysis that affects ChAT activity . The domain interface comprises some 2500 Å 2 of surface area. The contact area is reduced by the presence of a solventaccessible tunnel that runs through the center of the molecule. The previously identified catalytic histidine residue (Carbini and Hersh, 1993) is located in a turn between b10 and a13 where it points into the central tunnel at about the midpoint of the domain interface. In CrAT and the other acetyltransferases, this tunnel is known to be the binding site for the substrates AcCoA and the acetyl group acceptor, which is choline for ChAT.
As expected from their 42% sequence identity ( Figure 1C ), the same acetyltransferase family members ChAT and CrAT share similar backbone structures, with an r.m.s. deviation of 1.6 Å on 588 overlapping Ca positions. The central sheets and helices of the two domain cores align well as do nearly all other regular secondary elements. Significant deviations in backbone conformation occur in the short coil, turn, or loop regions between b5 and b6, a8 and a9, b8 and a12, and a17 and a18, and in the extended coil region between a13 and b11. In general, these conformational differences are associated with small insertions or deletions. The largest insertion in ChAT extends by four residues (153-156) the b hairpin formed from strands b2 and b3 relative to CrAT, and the possible significance of this extension for AcCoA binding is discussed below.
Interestingly, the crystal structure of ChAT revealed a metal-binding site in the C domain (see Figure 1A ). Mainchain carbonyl oxygen atoms from residues 588, 591, and 594 in the turn from b18 to a22 serve as three of the metal ion ligands, and Og of Thr594 is the fourth coordinating group contributed by the protein. Two water molecules also ligate the metal, completing a nearly ideal octahedral coordination shell. Valence calculations (Brown and Wu, 1976; Brown, 1992; Di Cera, 1994, 1996) indicate that the metal is most likely a sodium ion, which is consistent with the prevalence of main-chain carbonyl coordinating groups (Harding, 2002) and the presence of sodium ions in the crystallization buffer. The metal is therefore modeled as a sodium ion in the crystal structure. Although ChAT activity is modulated by the concentration of monovalent and divalent ions, this effect has largely been attributed to nonspecific effects on product release (Hersh and Peet, 1978; Hersh, 1979) , and the role of the structural metal site awaits further investigation. The structure and sequence of the metal-binding turn are conserved in CrAT, but a six coordinated solvent molecule has been modeled at this position in the reported crystal structures (Jogl and Tong, 2003; Wu et al, 2003) .
ChAT active site
The catalytic histidine, residue 334 in rChAT, is conserved in related acyltransferases, and structural and biochemical evidence suggests that it acts as a general base, extracting a proton from the attacking hydroxyl group of choline (in ChAT) or the sulfhydryl group of acyl-CoA depending on the direction of the reaction (Currier and Mautner, 1974; Carbini and Hersh, 1993; Ramsay et al, 2001) . His334 is located at the interface between the two domains in the turn between b10 and a13 with its side chain extending into the solvent-filled tunnel where it could interact directly with substrate ( Figure 1A ). The position and conformation of the catalytic histidine are nearly identical to those found for the corresponding residue of CrAT (Jogl and Tong, 2003; Wu et al, 2003) , and the overall structure of the active site region is similar in the two related enzymes. In particular, the side chains of the catalytic histidines in both enzymes are in a strained rotamer conformation, with both torsion angles around 401 from ideal values ( Figure 2A ). Tight packing with the side chain of Tyr95 on one side and Pro108 (from b strand 1) on the other forces this strained conformation, which permits the side-chain N d1 (or N p ) atom to donate a hydrogen bond to its own carbonyl oxygen. This interaction likely serves to stabilize the nonprotonated, nucleophilic state of N e2 (or N t ), supporting the role of this histidine in catalysis. A nearby acidic residue in CrAT, Glu347, has been proposed to play a role in polarizing the catalytic histidine (Wu et al, 2003) . In ChAT, the equivalent residue, Asp338, points away from the active site making a bidentate contact with Arg458 and is therefore unlikely to function in catalysis.
The observation that sulfhydryl-modifying reagents inactivate ChAT raised the possibility that acetyl transfer in ChAT may proceed through a cysteine-linked covalent intermediate, with the active site histidine serving to extract a proton from the cysteine Sg rather than from substrate (Mautner, 1977) . Indeed there are three cysteine residues (Cys332, Cys560, Cys573) located in the active site region near His334 ( Figure 2B ), the closest of which, Cys332, is not present in other family members. The distance from His334 to any of the cysteine residues, however, is too large for it to extract a proton without a substantial conformational change in the active site. The proximity of the cysteine residues to the substrate-binding sites does explain why bulky sulfhydrylmodifying reagents inhibit ChAT, and the structure is consistent with the observation that small modifications, particularly the addition of methyl groups, do not have a profound effect on ChAT activity .
CoA binding
In CrAT and the structurally related trimeric acetyltransferases, coenzyme A binds in one side of the central tunnel (or its multimeric equivalent), with the adenosine and phosphate groups interacting with the molecular surface at the tunnel opening and the pantothenic arm of the molecule extending through the narrow opening leading to the active site region ( Figure 3A ) (Leslie et al, 1988; Mattevi et al, 1992; Jogl and Tong, 2003) . The thiol group of CoA is then in position to hydrogen bond with the catalytic histidine side chain, which is consistent with the proposed role of histidine as a general base for catalysis of the reverse reaction.
While structural alignment of the CrAT-CoA complex (Jogl and Tong, 2003) places CoA in a similar position in ChAT, comparison of the electrostatic potential at the tunnel (Jogl and Tong, 2003) using the program GRASP (Nicholls et al, 1991) . Positive potential is shown in blue and negative potential in red. The bound CoA is shown with phosphorus atoms in green. (B) The corresponding surface in ChAT. (C) Averaged difference electron density from the ChAT-CoA complex crystals. F o -F c density was calculated using phases from the rigidly refined unliganded ChAT structure and displayed in the vicinity of the putative CoA-binding site with a cutoff level of 2.5 times the r.m.s. deviation of the map. Density for bound CoA was strong and well defined in both ChAT molecules present in the crystallographic asymmetric unit, and the density averaged over both molecules is presented. The superimposed CrAT-CoA complex is shown with the Ca trace in green and a wireframe representation of the bound CoA, which shows a good fit to the CoA difference density from the ChAT complex. The active site histidine of ChAT and basic residues referred to in the text are indicated. (D) Stereo view of electron density for the ChAT-CoA complex. Density was calculated with density-modified phases using the rigidly placed unliganded ChAT as a phase start and displayed with a cutoff level of 0.5 times the r.m.s. deviation of the map. CoA from the CrAT-CoA complex (Jogl and Tong, 2003 ) superimposed on the ChAT structure is shown in a wireframe representation. entrance shows substantial differences between the enzymes in this region ( Figure 3A and B) . In CrAT, the side of the tunnel entrance that binds the adenosine and phosphate groups of CoA has a relatively neutral or slightly positive electrostatic potential at the surface, and the opposite side of the entrance is strongly electronegative, preventing interaction of the CoA phosphates with this surface. In contrast, this side of the tunnel is electropositive in ChAT, with arginines 452 and 453 as well as Lys152 contributing to the potential. The side in ChAT that corresponds to the CoA interaction site in CrAT is slightly electronegative, largely due to the substitution of Thr500 for Arg504 present in CrAT. These differences in surface potentials raise the possibility that the negatively charged nucleoside-phosphate portion of CoA may bind on the opposite side of the tunnel entrance in ChAT. This possibility is further supported by the observation that mutations at R452 increase the K m for CoA up to B50-fold and the double mutant R452Q/R453Q increases the K m for CoA more than 170-fold . These mutations do not greatly affect the K m for 3 0 -dephospho-CoA, suggesting that the interaction is primarily with the 3 0 phosphate group.
Despite these indications, however, difference density calculated with data collected from ChAT-CoA complex crystals to 3.7 Å (Table I) demonstrates that CoA binds to ChAT and CrAT in similar positions and conformations ( Figure 3C ). The density is well defined and unambiguous for the entire CoA molecule, and CoA placed by superimposing ChAT and CrATCoA complex fits the density with only minor conformational adjustments indicated. In addition, the data show that no substantial conformational changes occur in ChAT upon CoA binding ( Figure 3D ). Unliganded ChAT placed by rigid-body refinement was used as a phase start for density modification, and electron density was calculated with the resulting phases and experimental amplitudes from the ChAT-CoA complex. The bound CoA molecule is well defined, and the rigidly placed unliganded ChAT fits the density well, showing that at most only small rearrangements accompany CoA binding.
With CoA binding on the same side of the tunnel as seen in the CrAT complex structure, it seems unlikely that arginines 452 and 453 would be able to make direct contacts to bound CoA, leaving open the basis for mutational effects at these sites. In unliganded ChAT, Arg452 plays an important structural role, stabilizing the base of the b4-5 hairpin, which forms one side of the substrate tunnel opening, by hydrogen bonding to Asp149. Interestingly, this b hairpin is extended by four residues in ChAT relative to the corresponding element in CrAT (see Figure 3C) , and based on its position in the refined unliganded structure, Lys152 could potentially interact with the CoA 3 0 phosphate. The dependence of the effect of mutations at positions 452 and 453 on the presence of the 3 0 phosphate of CoA argues for this mechanism. Also the approximately 10-fold lower K m CoA in ChAT versus CrAT (Farrell et al, 1984; Bloisi et al, 1990; may reflect additional interactions between CoA and the extended hairpin present in ChAT.
Model for choline binding and substrate discrimination
In the CrAT complex structure, carnitine binds in the active site tunnel in a position that does not overlap the CoAbinding site, forming a hydrogen bond between its hydroxyl group and the side chain of the catalytic histidine residue (Jogl and Tong, 2003) . By analogy, choline should occupy a similar site in ChAT, and superimposing the protein backbone of the two enzymes places carnitine at an equivalent position in the ChAT active site ( Figure 4A ).
There are no significant sequence or conformational changes in ChAT near the choline portion of the superimposed carnitine molecule. As in CrAT, the active site histidine, His334, could hydrogen bond to the hydroxyl group of choline, and the positively charged trimethylammonium group of choline would be in position to form a cation-p interaction with the side chain of an aromatic residue, in this case Tyr562 rather than the phenylalanine in CrAT. The conformation of the conserved Ser-Thr-Ser motif, known to be important for carnitine-binding (Cronin, 1997) , is the same in ChAT and the CrAT-carnitine complex. Overall, then, the structure suggests Despite the similarity of the ChAT and CrAT cholinebinding sites, ChAT has a strong preference for choline as a substrate, with a greater than 6000-fold difference in K m values (Cronin, 1998) . Thus the presence of the acetyl group in carnitine greatly diminishes its affinity for ChAT. The structure of rChAT suggests that three sequence differences between it and CrAT near the acetyl group of superimposed carnitine are key in establishing this level of substrate discrimination ( Figure 4A and B) . In CrAT, the negatively charged carboxylate of carnitine is stabilized in part by an electrostatic interaction with Arg518. ChAT has a neutral asparagine at this position, and therefore would lose the electrostatic interaction. Mutation to arginine at this position in ChAT is known to improve the binding affinity for carnitine (Cronin, 1998) . In addition, Met94 in ChAT substitutes for the much smaller alanine in CrAT, and this substitution forces the side chain of Trp90 to adopt a different rotamer conformation. These changes alter the shape of the binding pocket near the acetyl group, placing a hydrophobic and aromatic surface up against, and even sterically overlapping, the position that would be occupied by the charged carboxylate group of carnitine. Finally, Val459 substitutes for the threonine present in CrAT, eliminating a hydrogen bond to the carnitine carboxyl oxygen. Mutating the valine to threonine, along with the nearby change N461T, greatly increases the affinity of ChAT for carnitine (Cronin, 1998) .
Mutations in ChAT that cause congenital motor disorders
While decreases in ChAT activity have been associated with a number of diseases (Oda, 1999) , the most direct link between abnormal ChAT activity and disease etiology is in a particular class of the motor disorders known as congenital myasthenic syndromes (Ohno et al, 2001; Engel et al, 2003) . Heritable mutations in ChAT that affect its function or expression level are one of the most common causes of the presynaptic forms of this disorder, giving rise to a disease subclass known as congenital myasthenic syndrome with episodic apnea (CMS-EA) (Ohno et al, 2001) .
To date, 14 ChAT mutations have been identified in CMS-EA patients (Ohno et al, 2001; Kraner et al, 2003; Maselli et al, 2003; Schmidt et al, 2003) . Two of the mutations abolish ChAT expression, either through a frameshift insertion (after nucleotide 523 of the human 82 kDa ChAT coding sequence) or through conversion of the codon for human residue R548 to a stop codon. The other 12 mutations produce single residue changes, and most of these mutant enzymes have been characterized for changes in their kinetic parameters and for their expression level in COS cells (Table II) (Ohno et al, 2001) . By far, the most frequent effect (eight of the nine characterized mutants) is to increase the K m of ChAT for AcCoA in the range of 2.5-to 30-fold (or more). Four of these mutants also showed substantial changes in their K m for choline and/or their catalytic constants (k cat ). The one mutant (E441K, human) not classified as having an increased K m AcCoA showed no catalytic activity and therefore could not be further characterized. This mutant and two others were present at much lower levels than the wild-type enzyme when expressed in COS cells, implying a lower level of production, decreased stability, or both. All the mutations are located at positions conserved in mammals (see Figure 1C) .
The locations of the 12 point mutations in the ChAT threedimensional structure are shown in Figure 5A . Most of the mutations (nine out of 12) are at positions distributed (Ohno et al, 2001) ; m: increase in the value of kinetic constant; mm: large increase in the value of kinetic constant; k: decrease in the value of kinetic constant or expression level; ND: kinetic constants and expression level not determined. throughout the N domain, all but one in helical regions or the strands of the central sheet. The three mutations that map to the C domain are located relatively close to the domain interface and thus close to the active site.
Based on the rChAT crystal structure, the CMS-EA mutations fall into two broad classes: those likely to affect substrate binding and in some cases active site conformation, and those distant from the active and substrate-binding sites (Table II) . Six of the 12 mutations (hChAT residues V194L, L210P, P211A, E441K, R560H, S694C) fall into the first class, and the remaining six mutants (hChAT residues I305T, I336T, R420C, R482G, S498L, V506L) are in the latter. For example, the R560H mutation in hChAT, which corresponds to position 452 in rChAT ( Figure 5B ), alters a residue near the projected binding site for AcCoA as described above, consistent with the increase in K m AcCoA found for this mutant (Table II) (Ohno et al, 2001 ). On the other hand, the increase in K m AcCoA associated with hChAT I305T, which corresponds to rChAT position 197 ( Figure 5C ), is less easily rationalized based on the structure. This mutation substitutes a polar side chain in the hydrophobic core and is therefore likely to destabilize the fold. (I336T, which has not been characterized, would have a similar structural effect.) It has been shown to lower enzyme levels in COS cells (Ohno et al, 2001) , possibly reflecting this decrease in stability. But given its location approximately 2 Å from the nearest atom of AcCoA, any effect on AcCoA interaction with the protein must be transmitted in some way by conformational changes across the center of the N domain.
In fact, despite the prevalence of changes in K m AcCoA , only two of the mutations, R560H and V194L, would likely alter the CoA-binding site. For the other mutations located near the active site, changes in K m AcCoA could result from altered choline binding given the ordered sequential kinetic mechanism. Like I305T, however, the other four remote mutations that increase K m AcCoA ( Figure 5D -G) would not obviously affect AcCoA binding. The R420C substitution, position 312 in rChAT, might decrease stability ( Figure 5D ), but local effects would have to be transmitted a considerable distance to affect AcCoA binding. Interestingly, R374, the rChAT residue corresponding to the human R482G mutation site, forms part of the small b11 strand ( Figure 5E ), which is at one edge of the central sheet and to some extent anchors the extended coil region known to be proteolytically sensitive (see below). Side-chain interactions from this residue help to stabilize what is otherwise a weak strand-strand interaction of just three hydrogen bonds. Loss of the arginine side-chain interactions in the hChAT R482G mutant could destabilize association of b11 with the central sheet and alter the conformation of the extended coil. Since alteration of the extended coil by proteolysis is known to increase K m for both substrates , it is possible that the effect of this mutation could be transmitted in some way through the coil to the AcCoA-binding site. The remaining two distant mutants, hChAT S498L and V506L, seem unlikely to have a large effect on the stability of the enzyme and, again, would have no direct effect on the AcCoA-binding site. The side chain of S390 in rChAT, equivalent to position 498 in hChAT, forms a hydrogen bond with Asp248 ( Figure 5F ). Since the aspartate is solvent exposed, however, loss of this interaction in the leucine mutant should not have a great effect, and there are nearby hydrophobic residues that would interact favorably with the leucine side chain. The conservative hChAT V506L mutant, residue 398 in rChAT ( Figure 5G ), also would not be predicted to have a large effect on conformation, and the mechanism by which it affects AcCoA binding on the other side of the molecule therefore remains mysterious. (Prado et al, 2002; . Two phosphorylation sites (Bruce and Hersh, 1989) have been identified and characterized recently (Dobransky et al, 2001 . Protein kinase C (PKC) phosphorylates hChAT at Ser558, which corresponds to Ser450 in rChAT, and Thr574 of hChAT, Thr466 in rChAT, is modified by calcium/calmodulin-dependent protein kinase. Phosphorylation at the serine residue increases in vitro activity by around two-fold, and modification of the threonine, while having no effect on activity by itself, further enhances the activity of the doubly phosphorylated enzyme. In the rChAT crystal structure, Ser450 is located adjacent to the CoA-binding site, just under the hairpin that is extended in ChAT relative to CrAT (Figure 6 ). Phosphorylation of Ser450 might be expected to decrease CoA affinity because of charge repulsion with the nearby CoA phosphate groups. Correspondingly, the rate of product release would increase, which might account for the elevated ChAT activity under the reported assay conditions (Dobransky et al, 2001) . Note that this kinase recognition sequence would be disrupted by the R560H CMS-EA mutation in hChAT (rChAT position 452), suggesting that this mutation might affect regulation as well as CoA binding. Interestingly, the second identified phosphorylation site, Thr466 in rChAT, is located at the N terminus of a16, well away from the active site region (Figure 6 ), and this residue is not surface accessible. A substantial conformational change in the region would be required for kinase access to this site, and any effect of phosphorylation would have to be transmitted through the C domain to the active site.
Regulation and subcellular localization
The surface of ChAT near the CoA-binding site and the site of phosphorylation at Ser450 bears a striking pattern of basic patches spaced periodically along a ridge that runs the length of the enzyme (Figure 6 ). Each patch contains between two and four basic residues, which are all conserved in ChAT orthologs but not in CrAT. It is possible that this basic surface plays a role in electrostatically steering the negatively charged CoA substrate, but it may also be involved in the interaction with PKC. The PKC family members are acidic molecules and at least some substrates are basic proteins such as histones and myelin basic protein (Newton, 1995) .
The basic surface ridge may also be involved in the reported peripheral interaction of ChAT with membranes (Oda, 1999) . Approximately 20% of the ChAT in axonal terminals is thought to be associated with membrane structures, either synaptic vesicles (Carroll, 1994) or plasma membrane (Gabrielle et al, 2003) or both (Martinez-Murillo et al, 1989) , and membrane association could play a role in the axonal transport of ChAT (Dziegielewska et al, 1976) . The fact that phosphorylation at Ser450 appears to be required for membrane association (Dobransky et al, 2001) implicates the nearby ChAT basic surface in the interaction, although the structure does not immediately suggest a mechanism for the dependence on phosphorylation. The basic ridge might directly interact with negatively charged phospholipid head groups, or it may help to mediate an interaction between ChAT and a membrane-associated protein (Gabrielle et al, 2003) .
Transport of ChAT into the nucleus of cells has been reported. The larger 82 kDa form of hChAT carries an Nterminal nuclear localization signal (NLS) and accumulates in the nucleus (Resendes et al, 1999) , but the smaller form corresponding to our construct also contains an NLS sequence, RRLRXK, and has recently been shown to be imported into the nucleus if that sequence is intact (Gill et al, 2003) . The first three residues of this sequence (residues 373-375 in rChAT) form the short b strand, b11, that interacts with the central sheet of the N domain and divides the extended coil wrapping around the molecule (see Figure 1A) . The solvent-exposed b conformation of this sequence is consistent with the extended b conformation adopted by peptides bound to karyopherin carrier molecules that mediate this form of nuclear transport (Conti and Kuriyan, 2000) . The function of nuclear ChAT, if any, is not known. As such, it is interesting to note that the periodic basic patches along the ChAT surface ridge (Figure 6 ) have the correct spacing to interact with the backbone of two successive turns of B-form DNA, suggesting a possible nucleic acid-binding role.
In addition to modulation by phosphorylation, ChAT is also activated by proteolytic cleavage, a possible regulatory mechanism. The cleavage site mediating activation is thought to be residues 360-364 in the N-terminal segment of the extended coil region that wraps around the molecule. The density for this surface coil region is poor, and only Ca positions could be assigned for residues 356-367 in the structure, consistent with its proteolytic sensitivity. This site follows helix 13, which forms the ceiling of the CoAbinding site and is adjacent to the turn that contains the catalytic histidine (His334) and some choline-binding residues. It is therefore possible that proteolysis at this site alters the position of a13, accounting for the known effect on Michaelis constants for both substrates . Further structural work with substrate complexes and mutants of ChAT should resolve the mechanism of proteolytic Figure 6 ChAT regulation and localization. The surface of ChAT around the CoA-binding site is shown with positive and negative electrostatic potentials in blue and red, respectively. The locations of the serine (S) and threonine (T) residues known to be phosphorylated are indicated. Arrows point out the periodically spaced basic patches along a surface ridge.
activation as well as many of the remaining questions concerning ChAT functional mechanisms.
Materials and methods

Expression and purification of recombinant rat ChAT
Recombinant rat ChAT in the protein expression vector pLENTY (Cronin, 1998) was overexpressed in DH5aF 0 IQ cells. The cultured cells were grown overnight (12-18 h) at 301C after induction with 0.1 mM isopropyl-1-thio-b-D-galacto-pyranoside (IPTG). Harvested cells were suspended in PDE buffer (10 mM phosphate, pH 7.0, 0.2 mM DTT, 1 mM EDTA) containing protease inhibitor cocktail (Boehringer Mannheim). Cells were lysed in a French press and the debris removed by centrifugation at 12 000 g for 20 min. The crude extract was applied to a 30 ml Accell þ CM column (Waters), washed overnight with 600 ml of PDE buffer, and then ChAT was eluted by applying a 300 ml linear gradient of 0-0.5 M KCl in PDE buffer. The eluted enzyme was dialyzed and then purified further using a 1 ml Mono S column (Phamacia) equilibrated in 25 mM Tris-HCl, 1 mM EDTA, and 0.2 mM DTT, pH 7.2. ChAT was eluted by a 40 ml linear gradient of 0-0.5 M NaCl in the same buffer.
Selenomethionyl-ChAT was obtained by the methionine pathway inhibition technique (Doublié, 1997) with the same vector and Escherichia coli strain used for native ChAT. A 120 mg/l portion of DL-selenomethionine was added to culture medium. The purification procedure for selenomethionyl-ChAT was the same as that used for the native enzyme except that 2 mM DTT was added to all of the buffers.
ChAT activity determination
During the purification procedure, recombinant ChAT activity was monitored by a fluorometric assay (Hersh et al, 1978b; . The reverse ChAT reaction, transfer of an acetyl group from acetylcholine to CoA, is coupled by citrate synthase and malate dehydrogenase to the production of NADH. Assay mixtures contained 10 mM potassium phosphate buffer (pH 7.4), 250 mM sodium chloride, 0.125 mM NAD þ , 0.5 mM L-malate, 0.1 mM DL-dithiothreitol, 25 mM acetylcholine chloride, 0.1 mM CoA, 1.5 U of pig heart citrate synthase (Sigma), and 4 U of pig heart malate dehydrogenase (Sigma). Reactions were initiated by the addition of acetylcholine chloride, and NADH formation was monitored continuously using an Optical Technologies fluorometer.
Crystallization and data collection
Crystals of both native and selenomethionyl-ChAT were grown by the sitting-drop vapor diffusion method at 41C. The reservoir solution contained 9-10% (w/v) PEG 20000 and 75 mM MES (pH 6.5), and the protein at 10-15 mg/ml was diluted 1:1 with reservoir solution. Crystals were cryoprotected by rapidly passing them through a solution of mother liquor containing 20% glycerol, mounting in a nylon loop, and plunging the mounted crystal into liquid nitrogen. X-ray diffraction data were collected on a CCD detector at the SER-CAT and SBC beamlines of the Advanced Photon Source (APS), Argonne National Laboratory. Data were processed with the HKL (Otwinowski, 1997) ChAT-coenzyme A complex crystals were prepared by hanging-drop vapor diffusion at 41C using a 1:2 molar ratio of rChAT to CoA over a well of 7-8% PEG 12000 and 50 mM KH 2 PO 4 (pH 4.5). The crystals form in space group P2 1 2 1 2 1 with unit cell dimensions a ¼ 77.59 Å , b ¼ 153.32 Å , and c ¼ 152.83 Å . Under these conditions, CoA is present at a concentration over 100-fold greater than the K m for CoA in the reverse enzymatic reaction . Attempts to soak CoA into existing crystals destroyed their order, and we were unable to grow crystals in the presence of CoA under conditions used for the unliganded ChAT crystals. Data for the complex were collected to 3.7 Å resolution as described above.
Structure determination and refinement The ChAT structure was determined by molecular replacement using the CNS software package (Brü nger et al, 1998) and the coordinates of unliganded CrAT (Jogl and Tong, 2003) (PDB identification code 1NDB) as a search object. Two molecules of ChAT in the asymmetric unit were identified. The backbone trace and registration were checked against an anomalous difference map calculated with data from the selenomethionine-substituted ChAT crystals. Initial manual rebuilding with the program O (Jones et al, 1991) was followed by simulated annealing refinement in CNS and subsequent cycles of manual rebuilding, addition of ordered solvent, and energy minimization. Noncrystallographic symmetry restraints were applied during refinement. The observed metalbinding site was analyzed for valence with various metal ions using the program WASP (Nayal and Di Cera, 1996) . The ChAT-CoA complex electron density was calculated by molecular replacement with the unliganded ChAT structure followed by rigid-body refinement in CNS. Difference density was calculated directly in CNS, and F o density for the entire complex was calculated with density modification improved phases using the unliganded model as a phase start. No further refinement of the complex was attempted because of the limited resolution of the data.
Coordinates
The coordinates of unliganded ChAT have been deposited in the Protein Data Bank (identification code 1Q6X).
